Inactivation of cholinesterases at mammalian neuromuscular junctions (nmj) produces extensive muscle "necrosis ." Fine-structurally, this myopathy begins near the nmj with an increase in large-diameter vesicles in the soleplasm, the dissolution of Z-disks, dilation of mitochondria, destruction of sarcoplasmic reticulum, and often a highly specific contracture ofthe muscle under the endplate . Since a Ca"-activated protease which specifically removes Z-disks is known to exist in mammalian skeletal muscle, we tested the possibility that the myopathy after esterase inactivation is due to the prolongation of acetylcholine lifetime and thus of Ca" influx . We first produced the myopathy near endplates by inactivating esterases with diisopropylfluorophosphate (DFP) followed by nerve stimulation for 1-2 h in vitro . The myopathy was later mimicked by bath application of carbamylcholine without esterase inhibitors . This myopathy could be prevented by inactivating the acetylcholine receptors (AChR) with a-bungarotoxin (a-BGT) or by removing Ca" from the bath with EGTA. These results favor the hypothesis that esterase inhibition leads to an agonist-induced myopathy, which is mediated by Ca" and requires an intact AChR . KEY WORDS neuromuscular junction myopathy " anticholinesterase " Z-bands Ca" -acetylcholine receptor a-bungarotoxin Numerous studies have confirmed the early observations (2, 12, 27) that inactivation of cholinesterases at mammalian neuromuscular junctions (nmj) produces extensive muscle "necrosis" (8, 10, 11, 13, 15, 19, 20, 21, 32) . Fine-structurally, this myopathy begins at the nmj with an increase in largediameter vesicles in the cytoplasm under the functional folds (soleplasm), dilation of mitochondria, breakdown of sarcoplasmic reticulum, and dissolution of Z-disks (8, 20, 21) . When mouse muscles are bathed with diisopropylfluorophosphate (DFP) in vivo, breakdown of the sarcoplasmic reticulum, mitochondrial damage, and changes in J . CELL BIOLOGY
Z-disks can be seen within 2 h. Various studies have shown that similar changes occur with other esterase inhibitors, and require a critical inactivation time of 2 h for major necrosis to occur (2, 21) . By I-3 d, the necrosis is maximal . After 1 wk, some recovery has occurred, and by 2-3 wk, muscle architecture is normal (30) . Since an intact nerve supply is a prerequisite for the necrosis to occur (2) , and since nerve stimulation enhances this effect, a neurotrophic etiology has been suggested (11, 20, 21) , possibly mediated by Na' flux (21) . Salpeter et al. (30) have recently suggested an alternative mechanism, involving Ca" as the mediator of the necrosis. In mammalian skeletal muscle, biochemical studies have identified a Ca"-activated protease which specifically removes Z-disks from isolated myofibrils in vitro (3, 6, 7, 28, 29) . Since agonist-receptor interaction causes Ca" influx in the region of the endplate (9, 23) , the myopathy after esterase inactivation may be due to an increase of soleplasm Ca" resulting from the prolongation of acetylcholine (ACh) lifetime . The present study was designed to test this hypothesis .
MATERIALS AND METHODS
An isolated nerve-muscle preparation was used in vitro. The extensor digitorum longus (EDL) muscle was removed from albino mice under nembutal anesthesia (50 mg/kg body weight) and loosely pinned out in a l0-ml sylgardchamber. The medium, whichwas a bicarbonatephosphate buffered Krebs solution (pH 7.4 ) gassed with 95% 02 5% CO 2, was changed every 10 min. Two groups, differing in agonist treatment, were considered. The first was pretreated in vivo to inactivate cholinesterases (ChE) by bathing the exposed muscle with DFP (10-' M) for 2 h. The development of myopathy was then monitored in vitro. Preincubation with DFP was undertaken in vivo to shorten the time in vitro. The muscle was then excised, placed in the dish containing a Krebs bath, and stimulated indirectly (at 2 Hz) with a suction electrode on the nerve. The second group was bathed in 0.1 mM carbamylcholine (carbachol) (for different periods ranging from 20 min to 3 h without esterase inactivation or nerve stimulation) .
Variations in the experimental conditions for the preparations of the second group consisted of (a) inactivating AChR by applying a-BGT (1 x 10 -6 M) to the exposed muscle in vivo for 3 h before placing the muscle in the carbachol containing bath, or (b) removing Ca" with 5 mM EGTA, or (c) replacing NaCl with choline chloride or with Tris HCL, or (d) adding D-600 (l x 10-6 or 1 x l0-°M) to decrease Ca" fluxes (14, 18) . In each case, the EDL preparation was pre-incubated for 30 min in Krebs' solution modified as listed above before adding carbachol (1 x 10 -°M) to the bath . To determine whether the continuous presence of carbachol was necessary or whether the myopathy was a "triggered" event, pulse experiments were performed in which the application of carbachol was discontinuous. In one case, the muscle was exposed to carbachol for 20 min and then to normal Krebs' for 2 h and 40 min; in a second case, the muscle was exposed to three 20-min pulses of carbachol, each being followed by 40 min in normal Krebs' solution .
At the end of each experiment the muscles were washed for 30 min in Krebs solution without Ca" to promote muscle relaxation . The muscle was then pinned out at approximately resting length for 30 min in 4% formaldehyde (pH 7.4 buffered with 0.067 M NaH2POa-Na 2HP0,) freshly made from paraformaldehyde and then transferred to fresh 4% formaldehyde and kept overnight at 4°C. The muscle fibers near the endplate regions were cut into 1-to 2-mm cubes, fixed in 1% osmium tetroxide for I h at 4°C, washed in cold distilled water, stained en block with 2% uranyl acetate at 4°C
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THE JOURNAL OF CELL BIOLOGY " VOLUME 82, 1979 for 1 h, dehydrated in graded ethanols and propylene oxide, and embedded in Epon 812 (22) . Pale-gold sections (-1,000 )k) were cut from random regions of the muscle, stained with uranyl acetate and lead citrate, and examined in the electron microscope . The extent of myopathy was judged using the two most consistent early fine-structural changes during the development of the necrosis; accumulation of vesicles under the neuromuscular junction, and Z-disk dissolution . The analysis for the extent of vesiculation under the endplate was performed by a random point method . Sections were scanned in a Philips 300 or 201 electron microscope until -10 endplates from different regions of the muscle were found. The area analyzed consisted of a region between the postsynaptic membrane and the first myofibril (soleplasm). A grid of points was punched through the micrographs . (Such points are random relative to the tissue because the orientation of the grid does not depend on the orientation of the tissue .) The number of points overlying large vesicles was then tabulated (a vesicle diameter >130 nm was chosen for convenience). A vesiculation index for each endplate was the ratio of points falling over vesicles to that falling over the entire tabulated region . The Z-disk damage was measured by counting the number of myofibrils under the endplate in longitudinal sections which have missing or disrupted Z-disks.
RESULTS
When isolated mouse EDL nerve-muscle preparations in which the esterases have been inactivated by DFP are stimulated in vitro via the nerve (group 1), several morphological changes occur at the endplate regions which resemble the early changes described for the in vivo studies. By 2 h in vitro, considerable damage can be seen . These changes can be mimicked in an esterase intact preparation by the application of 0.1 mM carbachol without nerve stimulation (group 2) . These results are summarized in Tables I and 11 . The most striking immediate effect (within 1 h) is the appearance of many large vesicles in the soleplasm (see Fig. 1 ) . This vesiculation is restricted to a small (-10-50 ltm) region near the endplate, and almost reaches its maximum amount by 20 min in carbachol (Table 11 ). Mitochondria at the endplate are often swollen and lacking cristae while mitochondria in extrajunctional areas of the muscle fiber and in the axon are normal. The sarcoplasmic reticulum (SR) sacs in the region of the nmj also begin to breakdown. Subsequently (by 2-3 h), the Z-disks of the myofibrils nearest the endplate begin to spread and then disappear. There is very often also a specific contracture of the myofibrils under the endplates which ends abruptly beyond the endplate region (see Fig. 1 ) and is much more severe if the prefixation relaxation bath (see Materials and Methods) is omitted after the carbachol treatment. However, in some cases an extreme contracture was seen much beyond the endplate region (see also reference 15).
Blockage of AChR with a-BGT (1 x 10-6 M) or removal of Ca" from the medium with 5 mM EGTA completely prevented the appearance of large vesicles in the soleplasm and of the Z-disk damage in all cases (Table I, Figs . 2 and 4) . In contrast, removing Na' from the bath did not prevent the characteristic vesicular damage (Table  I, Fig. 3 ) but did decrease the extent of Z-band damage somewhat . D-600, a compound that reduces Ca" influx in other systems (14, 18) , had a partial effect in protecting the muscle from damage in 1 ltM concentration, and was about twice as effective in 0.1 mM concentration. A single 20-min period in carbachol followed by 2 h and 40 min in Krebs' solution showed finestructural changes that were less severe than those after 1 h These values were based on 2 experiments with 10-15 endplates evaluated per experiment ; all other values were based on one experiment with -10 endplates evaluated per experiment . $ Only vesicles with diameters >130 nm were counted; 300-1,500 random points for each experiment reported. Relative area = points overlying vesicles/total points in soleplasm (%). By the Mann-Whitney U test, treatments 6 and 7 are not significantly different from treatment 2 (P >> 0.05) while treatments 1, 3, 4, and 5 are significantly different from treatment 2 (P >> 0.01) . § This index is defined as the total number of myofibrils under the endplates with damaged Zlines divided by the number of endplates examined . This index is more variable and more difficult to quantify than the vesiculation index; thus, a test for statistical significance was not done . 11 Similar results were obtained when the muscle was preincubated with DFP and stimulated for 2hat2Hz. Effect Endplate region of isolated mouse EDL muscle after l h in carbachol (nerve terminal = N) . Note swollen mitochondria, dilated sarcoplasmic reticulum, specific contracture, vesiculation of soleplasm, and absence of Z-bands in myofibrils nearest the endplate (arrow) . x 7,350. identical (compare condition 2 of Table I with that  of Table II) . Our results favor the hypothesis that agonistinduced myopathy is mediated by Ca" involving the ACh receptor and, at least for the first 3 h, is dependent on the length of time in carbachol.
DISCUSSION
The original observations (2, 12, 27) of a "reversible necrosis" at the endplate region of striated muscles after esterase inactivation have been confirmed many times (8, 10, 11, 13, 15, 19, 20, 21, 32) . Repeating these experiments on an isolated nerve muscle preparation of mouse EDL that had been pretreated with DFP in vivo and is subjected to nerve stimulation (2 Hz) in vitro yields results similar to those seen in the early stages of in vivo induced myopathy. Application of carbachol, the nonmetabolizable ACh agonist, to the bath of an esterase intact preparation mimics the morphological changes induced by DFP plus nerve stimulation. It is not clear why Fenichel et al. (10) failed to induce myopathy by injection of carbachol. Their in vivo experimental conditions may not have been appropriate . Since a-BGT protects from the myopathy induced by in vivo application of DFP (30) as well as from the in vitro carbacholinduced damage (present study), we believe that in both experimental conditions myopathy is generated by the same mechanism involving agonistreceptor interaction and is not due to the mere presence of excess carbachol or esterase inactivation per se.
Several studies by Dettbarn and colleagues (10, 11, 20, 21, 32) have emphasized the neurotrophic aspect of the necrosis induced by esterase inhibition. The need for an intact nerve supply and the role of ACh and its analogues provides the basis of their conclusions . Laskowski and Dettbarn (21) suggest the possibility that Na' influx may mediate the damage. The present study suggests that Ca" rather than Na' is primarily involved . This conclusion is based on our finding that low external Ca" essentially prevents the myopathy whereas low external Na' has only a small protective effect. Possibly the Na' acts indirectly by increasing the free Ca" level in the sarcoplasm .
Studies have shown that Ca" flows into the endplate region of vertebrate muscle in the presence of agonist (9, 23, 31) . The presence of a Ca"-activated protease which specifically removes Zdisks from isolated myofibrils in vitro could explain the disappearance of Z-disks from myofibrils near the endplate, if prolonged agonist-receptor interaction elevates intracellular Ca" levels sufficiently . The extreme vesiculation and disrupted SR under the endplate, as well as the swollen mitochondria, may reflect an overloading of the muscle's Ca"-binding capacity which could result in high soleplasm Ca" levels. This Ca" need not have come from the extracellular fluid (ECF), but it is difficult to see how EGTA could have prevented the carbachol-induced myopathy if it did not . Another observation that argues for elevation of Ca" due primarily to an influx from the ECF is the frequent occurence of contractures which are restricted to the endplate region. If these contractures were caused by depolarization-induced release of Ca" from the SR the contracture should extend over a much larger region of the muscle . On the other hand, localized contractures can be produced by focal injections of Ca" and are often used as an indication of such local Ca" influx (16, 26) . A similar contracture under the endplate was reported after esterase inactivation (15) .
One may wonder whether the characteristic contracture seen under the endplate can itself cause local damage and thus produce the myopathy. We do not believe this to be the case since when we stimulated a muscle (at 2 Hz via suction electrode on the nerve) for 5 h, producing extensive repeated contractures, no typical myopathy or damage of any kind was seen .
Finally, the major protection from necrosis brought about by 0 .1 mM D-600 also points to Ca" influx from the ECF as a mediator of the myopathy. D-600 is a very specific inhibitor of Ca" influx into mammalian cardiac muscle (14, 18) . However, much higher concentrations of D-600 are required to block depolarization-induced "Ca" uptake into rat brain synaptosomes (24) . In preliminary studies using "5Ca++ and scintillation counting, we have also seen that 0.1 mM D-600 causes a significant but not total decrease in carbachol-induced Ca" influx into the muscle. That 0.1 mM D-600 provides only a partial protection from carbachol-induced myopathy in our preparation is consistent with these findings.
Our results clearly indicate that the early stages of myopathy required agonist-receptor interaction and are mediated by Ca", since they are prevented by both a-BGT and EGTA . We suggest that Ca" influx in response to prolonged agonistreceptor interaction may overload the Ca" binding mechanisms or otherwise elevate intracellular LEONARD AND SALPETER Agonist-Induced Myopathy at the Neuromuscular Junction Ca" sufficiently to activate the destructive proteases .
One final question was whether the myopathy was triggered by a short initial influx of Ca" or whether it was produced in response to the prolonged presence of carbachol. This question was relevant since the ACh receptor is known to desensitize within seconds in the presence of agonist (17) . The pulse experiments (Table II) were performed to answer this question. We argued that if desensitization prevented Ca" influx, then the damage after 20 min in carbachol followed by 2 h and 40 min in Krebs' should be equal to that after 3 h in carbachol, whereas the damage after three 20-min carbachol periods separated by 40 min in Krebs' should be more extensive. However, if the actual time in carbachol was the important factor, then 3 h in carbachol should show the most damage and 20 min in carbachol should show the least. This is what we obtained .
Our results (Table 11 ) clearly indicate that over a 3-h period the extent of myopathy does depend on the time in carbamylcholine. We do not know how external Ca" mediates the necrosis . If Cam ediates the necrosis by entering the muscle in the presence of carbachol, then our present result would suggest a continued Ca" influx even under desensitizing conditions . This is not completely surprising . The process of desensitization is not well understood, but it is known that even under conditions of desensitization the endplate does not completely return to the resting state. Nastuk (25) reports residual depolarization even after overnight in high concentrations of carbachol; Adams (1) reports a plateau current in voltage clamped muscle; Creese (4, 5) shows continued Na' influx and Evans (9) shows continued Ca" influx in muscle exposed to prolonged carbachol. It is not within the scope of this paper to speculate on the nature of desensitization or to determine the extent of Ca" or Na' flux in the desensitized endplates. Our results are compatible with the idea that some Ca" flux may continue in the presence of carbachol over a 3-h period in vitro.
Further study is required to determine the actual Ca`concentration obtained, the meaning of the numerous large vesicles and dilated mitochondria in the muscle, and any possible link between Na' and Ca" fluxes . The present study confirmed the suggestion (30) that Ca" which enters in response to prolonged agonist action can cause muscle damage and may explain the necrosis seen after esterase inactivation . Whether influx of Ca" at the 818 THE JOURNAL OF CELL BIOLOGY " VOLUME 82, 1979 endplate is of major importance only to the pathological condition of esterase failure, or is also important to maintenance and growth of muscle structure and in the response of normal muscle to activity, remains to be determined .
